determination of absorbed dose. Under conditions of constant absorbed dose rate, fractionation and environment, the biological effect induced by a given absorbed dose of ionizing radiation depends on the type and energy of the radiation, i.e., the radiation quality. The difference in biological effectiveness of equal absorbed doses of different radiations is believed to be a consequence of differences in the spatial distributions of energy deposits in charged particle tracks (ICRU, 1983) . For fast neutron irradiations, the secondarycharged particle spectra and, therefore, the microtopology of energy transfers in discrete interactions ("track structure") depend on neutron energy and on the fraction of absorbed dose due to gamma rays.
The term radiation quality has been employed with different meanings. It may refer to the energy spectrum of the incident ionizing radiation or refer to its interaction with matter. Examples of the latter are beam penetration as expressed by half-value layers and distributions in LET and various microdosimetric quantities. These specifications are generally interrelated and some of them may be suitable for empirical correlation with biological effectiveness, and thus, for radiation quality specification. After describing the different types of neutron-producing reactions, this section will deal with radiation quality in terms of neutron energy spectra (Sections 2.3 and 2.4), in terms of microdosimetric spectra and parameters (Section 2.5), and in terms of neutron beam characteristics, such as beam penetration, which are of direct clinical relevance (Section 2.6).
Neutron Producing Reactions
Beams of neutrons for radiation therapy may be generated by fusion reactions (between deuterium and tritium, d + T, or deuterium and deuterium ions, d + D) or by stripping and inelastic interactions (deuterons or protons incident on light element targ~ts, e.g., d +Be, p +Be). The notation i(Ei) + J(Ee)XM signifies a particle of type i at an energy Ei impinging on a target material with the chemical symbol Jin which energy Ee is lost. The emergent neutron beam is filtered by a thickness x of material M. The absence of Ee indicates that Ei is completely dissipated in the target. Ei and Ee are in MeV and x is in cm. For example, p(60) + Be(40)5 polyethylene signifies that 60-MeV protons impinge on a beryllium target in which they lose 40 MeV, and the neutron beam is filtered by 5 cm of 3 polyethylene. General information on neutron-producing reactions can be found elsewhere (e.g., Marion and Fowler, 1960; ICRU, 1977) . For details with respect to their clinical application see Catterall and Bewley (1979), Fowler (1981) , and Almond (1982) . The energy of fission-produced neutrons is generally too low for therapeutic applications.
Fusion Reactions
The d + T fusion reaction ~H + ~H-~He+~+ 17.6 MeV (2.1)
is an attractive method of fast neutron generation because the colliding nuclei need only be accelerated through modest potentials, permitting the construction of a self-contained source suitable for mounting on an isocentric gantry. The reaction provides a beam of almost monoenergetic neutrons with depth-dose characteristics approaching those from a 60 Co gammaray teletherapy unit. The cross section for the d + T reaction peaks at 107 keV. Thus, the colliding nuclei need only be accelerated to energies of the order of 250 ke V to obtain good yields from targets of finite thickness. The 17 .6-Me V exothermic energy is shared between the neutron and alpha particles, the neutron receiving typically an energy in the range 14 to 15 MeV.
The d + D fusion reaction produces neutrons with a spectral distribution originating from two mechanisms: D(d,n) 3 He with a Q value of 3.27 MeV, and D(d,np)D (deuteron break-up) with a Q value of -2.2 MeV. In the first case, the neutron energy is governed by two body kinematics and is single valued at a fixed deuteron energy and scattering angle. In the second, a three-particle interaction, the neutrons are produced with a range of energies at each angle. Details of the calculations are described by Schraube et al. (1975) .
Stripping and Inelastic Interactions
Interactions used in the production of clinically useful fast neutron beams include deuterons on a beryllium target (d + Be interactions) and protons on a beryllium target (p +Be interactions). Table 2 .1 summarizes the neutron-producing interactions and the Q values of neutron-producing reactions. These interactions have been studied theoretically by August et al. (1976) , Grand and Goland (1977) , and Lone et al. (1977, 1981 ). An alternative interaction using lithium as a target yields a marginally more penetrating beam. The general judgment has been that the difficulties of dealing with a lithium target are not offset by this marginal depth-dose advantage (Amols et al., 1977; Nelson et al., 1978; Quam et al., 1978; Lone et al., 1981) .
The use of 3 He + Be reactions has not been pursued because of the small neutron yield and the generation of neutron spectra inferior to those produced by protons accelerated in the same cyclotron (Canada et al., 1974; Parnell et al., 1975) . Similarly, for the 4 He +Be reactions, while the Q value of the 9 Be( 4 He,n)1 2 C reaction is 5.7 MeV, compared to 4.4 MeV for the 9 Be(d,n) 10 B reaction, the average energy of the neutrons from the 4 He + Be reactions is lower than from the deuteron-induced reactions at comparable projectile energies. This is due to the relative importance of low-energy neutrons from the 9 Be( 4 He, 4 He')9Be* -8 Be + n reactions. Because of low yields and low average neutron energies, the 4 He + Be reactions are not useful as a high flux neutron source. Clinical application of stripping and inelastic reactions will, therefore, be confined to neutron production by the d + Be and p + Be interactions.
Methods of Measurement of Neutron Energy Spectra
The penetrating power of a fast neutron beam is a property related to the energy spectrum of the neutron beam. The neutron beam spectrum at a given facility is most strongly influenced by the nature of the reaction used as a source of neutrons: i.e., the energy of the bombarding particles, the thickness of the target used, and the presence of filtering material in the beam. For targets which are not sufficiently thick to stop the incident charged particles, the geometry and nature of the final target backing are important. For all targets, the nature and geometry of the beam-collimating system have an effect on the neutron-energy spectrum but are of less importance.
Different methods of measurement of neutron energy will be discussed. For a general review see NCRP (1960) , Rybakov and Sidorov (1960) , ICRU (1969) , ICRU (1977) , and various authors in Nuclear Instruments and Methods, Volume 162 (1979) .
2.3.l Time-of-Flight Techniques
Most time-of-flight (TOF) techniques of neutron spectroscopy are applicable to extracted beams. They require that the neutron beam be delivered in sufficiently short pulses. The intervals between these pulses must be long enough that (1) the neutron transit time between the point of generation and the detector can be measured with sufficient accuracy and (2) the arrival of the slowest neutrons at the detector is not overlapped by that of the fastest neutrons in the succeeding pulse. For cyclotrons used in fast neutronbeam therapy, such pulsing can be provided by the natural pulsed structure of the extracted charged particle beam. 1 The arrival of the neutrons at the end of their path is determined by a detector with short time resolution. Time-of-flight detectors should exhibit:
1. a neutron detection efficiency which is well known over the whole energy range of interest and that varies only slowly with neutron energy; 2. a fast time response with a time resolution better than one nanosecond, which often restricts the detector size; and 3. discrimination against photon background.
Neutrons and gamma rays passing through hydrogenous scintillation materials engage in nuclear and atomic reactions. Primarily, neutrons produce hydrogen and carbon recoil nuclei. Gamma rays interact with the electrons. These secondary particles give up energy in excitation of conduction and valence band electrons into higher energy states. In scintillation materials, these excitations give rise to fluorescence effects (see Brooks, 1979) . The emitted light can be detected and transformed to an electrical pulse by a photo-multiplier tube. The invention by Brooks (1959) of pulse shape discrimination and the demonstration by Birks (1964) that light pulses from gamma rays have a shorter decay time than those from neutrons, means that gamma rays can be discriminated from neutrons. The requirements 1, 2, and 3 above for time-of-flight detectors are most closely met by organic scintillators. A wide range of such scintillators has been developed (see Brooks, 1979) , each with emphasis on different properties, e.g., stilbene crystals exhibit high efficiency for pulse shape discrimination and a 1 For the cyclotron described by Saltmarsh et al. (1977) , which accelerates deuterons to 40 MeV, the pulses are approximately 2nanoseconds wide and are delivered at 75-nanosecond intervals. At Louvain-la-Neuve, where protons are accelerated at 65 MeV, the pulses are about 0.7-nanoseconds wide and are delivered at 55nanosecond intervals (Meulders et al., 1975b) . fast response time but have an anisotropic response and are expensive to produce even in a limited range of shapes and sizes. Organic scintillators which exhibit low anisotropy are available commercially and can be prepared economically in a wide range of shapes and sizes. NE 111 plastic 2 is a very fast response material but with no pulse shape discrimination properties. Further, the low-light transmission restricts the use to sizes that are less than 100 mm in thickness. NE 2132 is a liquid scintillator that exhibits pulse shape discrimination properties comparable to stilbene but has a decay time more than twice as long as NE 111.
By taking into account the beam pulse width and the flight path length of a specified facility (maybe from 1 to 12 m), the shape and size of a scintillator are chosen to optimize: (1) the time resolution; (2) the angle resolution; (3) the pulse height resolution; and (4) the detection efficiency. To transform the time-offlight spectrum to a neutron-energy spectrum, it is necessary to know: (1) the efficiency of the detector as a function of neutron energy and (2) the energy calibration of the time-of-flight spectrometer. Extensive measurements and calculations of the efficiency of standard-sized organic scintillators have been performed, e.g., Flynn et al. (1964) ; Verbinski et al. (1968) ; Toms (1971); Watson and Graves (1974); Anghinolfi et al. (1979) ; Bottger et al. (1983); and Dietze and Klein (1982a, b) . The difficulties posed by the inadequate information on (n,a) and (n,n')3a reactions in carbon at high neutron energies may be avoided by measuring only (n,p) events identified by two parameter counting, see Northcliffe et al. (1970) .
The time-of-flight spectrometer time/energy relation may be calibrated (Firk, 1979): a. Directly by comparing the timing to the period of a stable crystal-controlled oscillator and measuring the flight path to an accuracy of a few millimeters. b. Indirectly by using neutrons generated by processes having well-defined resonances.
Proton Recoil Spectrometry
Proton recoil spectrometers may be used to determine the spectra of extracted neutron beams in air or in situ at specific locations in a phantom.
The relation between the spectral fluence of neutrons incident on an hydrogenous medium and the resulting spectral distribution of the recoil protons has been of interest to neutron spectroscopy for thirty years. In earlier work, proton recoil energies were measured using nuclear emulsions, organic crystals, or proportional counters. Most measurements are now made with organic liquid scintillation counters of which NE 213 has been studied most widely, chiefly because of its excellent pulse shape discrimination properties (see Section 2.3.1). Proton recoil telescopes are also used. The data obtained are usually acquired in multiparameter form (pulse height spectrum, pulse shape information).
An ideal proton recoil spectrometer would be of such a size that the energy distribution of recoil protons is recorded without distortion and the effects of multiple scattering of neutrons within the detector is small. It would be insensitive to photon irradiation. If the neutron-proton scattering may be assumed to be isotropic in the center-of-mass coordinate system, the spectral fluence of incident neutrons can be derived from the measured proton energy distribution.
When an organic liquid scintillator is used as a proton recoil spectrometer, pulse shape discrimination may be used to eliminate the photon-generated component of the recoil spectrometer response but the resulting pulse height distribution is still distorted in several ways: a. Multiple scattering of a given neutron by hydrogen and carbon atoms in the scintillator occurs and the individual energy losses cannot be discriminated. This transfers counts from the lowenergy end to the high-energy end of the proton spectrum. b. Recoil protons escape through the wall of the counter before giving their full energy to the scintillator. This wall effect transfers counts from the high-energy end to the low-energy end of the spectrum. c. Inelastic scattering and interactions with carbon occurs. This adds counts to the low-energy end of the spectrum, but is not significant below 8 to 10 MeV. d. The spectrometer efficiency decreases at lowproton energies. This allows the proton distribution to be measured only above a selected bias setting and determines the energy range over which information can be acquired. e. Anisotropic hydrogen scattering occurs. This effect becomes significant above about 10 MeV. The probability of forward relative to backward scattering increases with neutron energy and results in an overestimate of the high-energy component. f. Imperfect resolution of the counter blurs discontinuities in the neutron energy spectrum. This limits the information that can be obtained on the energy distribution of the source. g. The light yield is dependent upon the particle detected and is a nonlinear function of the energy of that particle.
All of these effects must be corrected for in the unfolding process used to obtain the incident neutron spectrum.
There are two principal unfolding methods. The first makes use of the fact that up to about 10 MeV, elastic scattering with hydrogen is isotropic in the center-of-mass system and, therefore, for a small detector the differential neutron fluence, 4>En, may be related to the measured recoil proton spectrum M(Ep) by
where N is the number of hydrogen atoms per unit volume, Vis the detector volume, and u(E) is the (n,p) cross section at neutron energy E (Brooks et al., 1960) .
This approach is the basis of differential unfolding codes; it is only applicable if the factors that give rise to distortion of the proton recoil response function are minimized, e.g., by selection of spectrometer shape and size.
A second, more general, approach is to develop a response matrix R(P .En) relating the detector signal, P, to the incident neutron energy En. The measured pulse height spectrum, M(P), and the differential neutron fluence, ~. are related by M(P) = fR(P,En)~ dEn. The neutron spectrum can then be obtained by numerical matrix inversion techniques.
The response matrix R(P,En) is required over the energy range of interest. Its experimental generation is difficult for small laboratories. Various computer codes exist, e.g., Broek and Anderson (1960) ; Textor and Verbinski (1968); Burrus and Verbinski (1969); Toms (1971); Poenitz (1973); RSIC (1975) ; Renner et al. (1978) ; Martin et al. (1981); and Dietze and Klein (1982a, b) to calculate response functions. Their accuracy is, however, limited by inadequate data on 12c interactions at higher energies and uncertainties in modeling the entire detector response.
Two approaches to extending the differentiation techniques have been proposed. The first, by Perkins and Scott (1979) , uses an alpha discrimination technique to remove the need to know the cross sections of the 12 C(n,a) 9 Be and 12 C(n,n')3a reactions with the carbon of NE 213. The second, the iterative differentiation unfolding method (developed by Morton and Woodruff, 1981) , uses a response matrix to calculate corrections to the proton energy distribution that would be expected from an estimated neutron spectrum. The revised spectrum is used to calculate a more accurate correction. Iteration is continued until 'the difference between successive estimates of the neutron spectrum is acceptably small. As the response function is only used to generate corrections rather than the entire unfolding of the spectrum, the results are less dependent on the accuracy of the response function.
During in-phantom measurements, neutrons will be incident on the liquid scintillator from all directions. The size and shape of the detector must be chosen so that the presence of the scintillator produces minimal disturbance of the field under study and so that the response shows little variation with angle of incidence. This inhibits the choice of scintillator size based on the need to minimize wall-and multiple-scattering effects. It will, in addition, require multi-parameter data acquisition and the application of a matrix inversion technique to extend the lower limit of neutron energy which can be unfolded, and to extend the upper limit above neutron energies of about 15 Me V (Mountford, 1982) .
The use of proton recoil telescopes to measure the neutron energy spectra of therapy-type beams has been reported by Parnell (1972) and Ullman et al. (1981) . If a thin hydrogenous scattering foil is placed in a fast neutron beam, recoil protons from the foil may be detected at a known angle of scatter using a proton "telescope" (see Figure 2 .1). The telescope consists of a transmissior. dE/dx detector, typically a 10-12-micrometer thick silicon detector which serves to identify transmission protons, followed by a thick Si or Nal(Tl) detector that measures the total remaining energy, E, of the transmitted particle. The counters are aligned with the scattering foil at an angle, fJ, relative to the neutron beam. The dE/dx counter is placed at the intersection of the diagonal lines drawn from the proximal and distal edges of the foil to the distal and proximal edges of the residual energy counter. Only particles identified by the dE/dx counter as protons and generating coincident signals in both counters are recorded in number and total energy,
The recorded proton spectrum should be corrected for self-absorption in the scattering foil to obtain the vecoil proton spectrum. This may be converted to the colliding neutron spectrum by multiplying the pr~ton energy for each channel by sec 2 8 to obtain the cbrresponding neutron energy per channel and the counts per channel are divided by the (n + p) differential cross section for scattering through angle fJ for neutrons of energy En. The method has the advantage of using mainly the well-known n + p differential cross section instead of detector efficiency for the determination of the neutron fluence. The energy threshold is set by the thickness of the dE/dx detector and the instrument is only usable in certain conditions of beam collimation. It can be accommodated, however,
Proton recoil spectrometer. A collimated beam of fast neutrons, n, is admitted to and emerges from the evacuated spectrometer envelope, S, via the neutron transparent windows, W. A thin hydrogenous scattering or radiating foil, R, intercepts part of n. The radiated protons from R are detected at a known angle, fl, using a proton telescope made up of a thin dE/dx detector, C, and a thick total energy detector, T. in less space than time-of-flight spectrometers of equal resolution at high energies.
Activation and Fission Spectrometry
Many elements exposed to a fluence of fast neutrons undergo (n,p), (n,n'), (n,a), and (n,2n) reactions resulting in a radioactive product nucleus. Also, fission reactions, (n,f), can occur in some elements. The activation or fission cross sections for these materials have a threshold characteristic of the reaction concerned which is not an ideal step function, but rises rapidly to a maximum value followed by a short plateau and a slow decline at higher energies. By exposing a large number of detectors, whose activation or fission cross section as a function of neutron energy is known, it is possible to derive an estimate of the neutron spectrum by measuring the resulting induced activities or fission products.
Materials used for activation or fission spectrometry should: (a) contain only one stable isotope; (b) be available at high purity; (c) be commercially available; (d) be simple and safe to handle; and (e) have an activation or fission cross section that is well known and of sufficient magnitude, with a threshold and no resonances.
The product nuclei should have: (a) well-known decay characteristics; (b) a suitable half-life; (c) only one long-lived radioactive component; and (d) an activity that can be absolutely determined by a simple method.
Characteristics of typical detectors are given by Zijp (1965) and shown in Report 26 (ICRU, 1977) . (See also Greenwood et al., 1979; Kneff et al., 1980; Mijnheer et al., 1981c; Shin et al., 1981.) The detectors are irradiated for a known length of time, during which the neutron spectrum and fluence rate should be constant. If the fluence rate varies quring the irradiation, only activation detectors with § T product nuclides having half-lives much longer than the irradiation time can be employed (see ICRU, 1977) , or a correction must be calculated from a knowledge of the variations. The induced activity is usually determined with a calibrated Nal(Tl) well crystal to obtain measurements of absolute activity. A Ge(Li) detector is sometimes required, e.g., to differentiate between the 356-keV gamma rays of 196 Au and the 411-keV gamma rays of l98Au. The measured activities are then corrected to saturation activity, i.e., to that activity which would have been produced at equilibrium between activation and decay.
A preliminary estimation of the neutron spectrum is selected and adjusted to obtain a good fit solution for a set of simultaneous activation integral equations. A computer program such as the Sand II program (McElroy et al., 1969) is usually employed. Using the input spectrum and tabulated cross-section data for each reaction, the program calculates the ratio between the calculated and measured activity per atom and the standard deviation for all ratios. The input spectrum is then adjusted in order to minimize this standard deviation. Iteration is continued until the difference between successive estimates of the neutron energy spectrum is acceptably small.
Foil activation methods are well adapted to studying changes in spectral distributions (Bonnett and Parnell, 1982) .
More data on activation and fission cross sections above about 20 MeV are desirable (ICRU, 1977; Greenwood et al., 1979; Shin et al., 1981) .
Neutron Energy Spectra

2.4.l d + T Neutron Beams
The initial spectrum obtained from the d + T reaction is essentially monoenergetic, but lower energy neutrons may be produced, e.g., due to the d + D reaction between deuterons in the ion beam and deuterium deposited in the target after prolonged irradiation. Radiation therapy sources based on this reaction usually employ ion accelerating voltages of a few hundred kilovolts. Neutron emission is approximately isotropic; the neutrons generated in the forward direction have an energy of about 15 Me V while those generated at 90° to the charged particle beam direction have an energy of about 14 MeV. When the d + T neutron source is housed in a therapy head, the emergent collimated beam exhibits some degradation of the monoenergetic spectrum. This occurs before incidence on .a phantom or any other absorbing medium.
.. . . '° 15 generators, there is some evidence that the degree of degradation is a function of the generator housing and collimator design (cf. review of Mijnheer et al., 1981c; Schmidt and Hess, 1982) . Within a phantom, the spectral distribution depends on the depth in the phantom, the proximity to the beam edge, and the field area (see Figure 2 .2). The spectra show an increase in the low-energy component with increasing depth in the phantom as well as with increasing distance from the central axis of the beam. They may be compared in a quantitative way by conversion into the relative kerma distribution (Mijnheer et al., 1981c; see Figure 2 .2).
These dependencies are also reflected in the microdo-
. . :
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Position 4 (100,81) simetric measurements in media irradiated by these beams (Section 2.5). The associated photon spectrum in a phantom originates mainly from the capture of thermal neutrons by hydrogen and is, therefore, dominated by photons with an energy of 2.2 MeV (Schmidt and Hess, 1982; Hertel and Murphie, 1983) . Variations of the low-energy end of the photon spectrum between facilities presumably arise from differences in photon generation in target materials, scattering materials, etc. (see Figure 2 .3).
d + D Neutron Beams
The neutron energy spectrum from the deuteron bombardment of deuterium is made up of two distinct groups. The higher energy group arises from the compound reaction, D(d,n) 3 He, whereas the lower energy group is due to the deuteron break-up, D(d,np)D (see Section 2.2.1). The neutron energy spectrum from a thick deuterium target can be calculated from the mass stopping power of deuterons in deuterium and from cross sections for the compound and break-up reactions (Edwards et al., 1974; Schraube et al., 1975) .
The results of such calculations for bombarding deuterons having energies from 6.8 to 20 Me V incident on "thick" and "thin" deuterium targets are shown in Figures 2.4a and 2.4b (Schraube et al., 1975; Weaver et al., 1979b) .
.... Neutron energy spectra from d + Be beams have been studied theoretically by August et al. (1976) and Grand and Goland (1977) and experimentally by Parnell (1972) , Meulders et al. (1975b) , Graves et al. (1979) , Lone et al. (1981), and Bonnett and Parnell (1982) . They show the following characteristics (see Figures 2.5a and 2.5b):
1. Below 2 MeV, the main peak is at 800 keV, due to inelastic deuteron scattering and ( d,np) and ( d,2n) reactions in beryllium. 2. The broad maximum around forty percent of the deuteron energy is due to reactions (break up modes) with more than one emitted particle (d,np), (d,n2p), (d,na), etc.
3. The high-energy fraction (En > 0.8 Ed) is mainly due to the 9 Be(d,n) 10 Be stripping reaction, as can be seen from the angular distribution of the spectral yield (cf. Brede et al., 1985) . The form of the high-energy component is not dependent on the composition of the target (Meulders et al., 1975b) , but the total neutron yield falls with increasing atomic number of the target material (Allen et al., 1951) .
When the source is mounted in a therapy housing with a beam collimator, the low-energy component is supplemented by scattered neutrons from the housing and collimator system, the magnitude of this addition than about 0.5 MeV and Ed is the energy of the bombarding deuterons in MeV. The data for partially thick targets are consistent with these data if the relative percentage of neutrons reaching the 10-cm depth is determined by a difference method, i.e., the differ-....... ence between the output of a thick target subject to incident energy and emergent energy deuterons (lee Section 4 for output data).
Use of a thin target in which the deuterons depo it only part of their energy results in a change in the shape of the neutron energy spectrum with a decrease in the number of lower-energy neutrons in both components of the spectrum (see Figure 2 .5a) (Parnell, 1972; Meulders et al., 1975b; Lone et al., 1981) .
The shape of the energy spectrum of d + Be neutrons above the energy of the valley between low-energy and high-energy components remains unaltered with depth in a phantom along the central axis of the beam (Field and Parnell, 1965; Bonnett and Parnell, 1982; Schmidt and Hess, 1982) . However, the fraction of neutrons with energies below this division increases to a maximum at a depth that increases with field size (see Figure 2 .6 and Table 2 .2). The photon energy spectrum associated with the d + Be neutron beam in a phantom is similar in shape to that of d + T generators (Smathers et al., 1981;  Schmidt and Hess, 1982) (see Figure 2 .3).
p +Be Neutron Beams
Quantitatively, the neutron energy spectrum resulting from proton bombardment of a thick Be target is' consistent with the measured partial cross sections for the 9 Be(p,n) 9 B reaction. The neutron transitions to the ground state of the residual nucleus dominate the spectrum. In addition, there is a general continuum due to the multibody break-up reactions and relatively weak peaks from excitation of the residual nucleus.
Measurements of the neutron energy spectra from the p + Be reactions have been reported by Amols et al. (1977) , Graves et al. (1979 ), Waterman et al. (1979a ), Lone et al. (1981 ), Ullman et al. (1981 ), and Almond (1982 . Using a thick target, the yield of neutrons with energy less than 2 Me V is found to decrease from 57% at a bombarding proton energy of 15 MeV to 14% when the proton energy is 50 MeV. For thick targets, the average energy is given by the empirical expression from the p + Be interaction by protons of energy Ep (Lone et al., 1981) . The maximum energy of the spectrum would be expected to be at the kinematic limit of Ep -1.9 MeV from the negative Q value of the 9 Be(p,n) 9 B reaction (Lone et al., 1981) .
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The fraction of neutrons in the low-energy part of the spectrum can be reduced by the use of "thin" targets (see Amols et al., 1977; Lone et al., 1981 ) (see Figure 2 . 7), or by the use of hydrogenous filters (see Graves et al., 1979; Almond 1982 ) (see Figure 2 .8). The associated gamma-ray spectrum is similar in shape to that associated with a d + Be generated neutron beam (Smathers et al., 1981) .
Microdosimetric Characteristics
The spatial distribution of energy transfer of ionizing radiation to the irradiated biological structures is of extreme complexity and a complete description is neither possible nor suitable for radiation quality specification in radiation biology or radiation therapy. For neutron therapy, a simple solution is applied which is, nevertheless, adequate to allow approximate correlations between radiation effect and radiation dose to be established. The current practice in clinical neutron dosimetry is to subdivide the total absorbed dose into its neutron and gamma-ray fractions (see Section 3). Biological studies have been performed to evaluate the relative biological effectiveness (RBE) of neutrons from different irradiation facilities (Hall et al., 1979) . Intercomparisons of these data have revealed that RBE determinations using the same material and endpoint and the same reference radiation differed by at least 30% or even 50% for the installations currently employed. In view of the generally required accuracy of 5% in absorbed-dose delivery to a target volume (ICRU, 1976) , or even less to the dose specification point, it appears, therefore, reasonable to investigate improved methods to specify radiation quality in neutron therapy. The specification of radia- tion quality in therapy has to be practical, i.e., to be applicable to neutron treatment planning. The common approaches are to consider quality in terms of linear energy transfer (LET) or of microdosimetric quantities, as described in ICRU Reports 33 and 36 (ICRU, 1980; ICRU, 1983 ).
Linear Energy Transfer (LET)
Linear energy transfer (LET) is defined in ICRU Report 33 (ICRU, 1980) . It is essentially the mean energy lost per unit pathlength by a charged particle through direct interactions.
In using LET to characterize radiation quality, correlations between it and biological responses have been recognized, although it is accepted that radiation effect models based on LET have physical and biological limitations. A detailed discussion of the limitations of LET can be found in ICRU Reports 16 and 33 (ICRU, 1970; ICRU, 1980) and in Kellerer and Chmelevsky (1975) .
Neutrons interact with biological matter producing a variety of secondary charged particles (recoil protons, heavy recoil ions, products of nuclear reactions), each of which has a broad range of initial energies and slowing-down spectra. Neutron radiation, therefore, always results in a broad LET spectrum which must also include the LET distribution of photon-produced electrons. The LET distributions for neutrons can, in principle, be calculated provided the energy spectrum of the neutrons is known. Such distributions have been computed for monoenergetic neutrons (Boag, 1954; Biavati et al., 1963; Bewley, 1968; Dousset et al., 1971; Edwards and Dennis, 1975) .
An alternative approach is to obtain an approximation to the LET spectrum from measurements made with a tissue-equivalent proportional counter (Rossi and Rosenzweig, 1955) . However, the limitations inherent to the use of this instrument restrict the applicability of these methods (Kellerer and Chmelevsky, 1975) .
Microdosimetry
The results of measurements made with the tissueequivalent proportional counter designed by Rossi and Rosenzweig (1955) may be applied directly in the specification of radiation quality and help in overcoming some of the limitations of the LET concept (Rossi, 1959 (Rossi, , 1968 . The subject was discussed in detail in ICRU Report 36 (ICRU, 1983) . The microdosimetric quantity lineal energy, y, is defined as the quotient of energy imparted to the matter in a volume from a single energy deposition event by the mean chord length in that volume. This approach takes into ac-count statistical fluctuations due to energy loss straggling, energy transport by delta rays, and incomplete traversal of the volume by charged particles. For reasons inherent to proportional counters, the measurements are limited to simulated volumes with diameters larger than about 0.3 µm. For practical reasons, the shape of the volumes used in the experiments have been spherical or cylindrical. The experimentally determined lineal energy spectra thus represent a particular description of the microscopic energy deposition pattern discussed above. How close these volumes are to relevant radiobiological targets is not known for certain (Kellerer and Rossi, 1978; Goodhead, 1982; Rossi, 1985) . However, for characterization of radiation quality in radiation therapy, site diameters of the order of 1 µm may be useful.
The tissue-equivalent proportional counter differs from the tissue-equivalent ionization chamber in that it measures the ionization yield in single primary interactions, and thus, the approximate energy spectrum imparted to the gas cavity for charged particles released. The density of the tissue-equivalent counting gas can be chosen so that the energy loss of a charged particle traversing the counter is equal to the energy loss when a tissue volume with linear dimensions of about 1 µm is traversed. If the range of the charged particles is large compared with the diameter simulated by the gas cavity, and if other stochastic aspects of energy deposition such as straggling are negligible, then the measured lineal energy spectra represent a good approximation for the underlying LET-spectra when the chord-length distribution in the measuring volume is taken into account (Kellerer and Chmelevsky, 1975) . The range of the protons, the most important recoil ion, is usually larger than 1 µm from neutrons above about 300 keV.
Among the various types of proportional counters in use, those suitable for neutron irradiation facilities allow measurements to be made inside phantoms, are sufficiently small to allow measurements at reasonably high dose rates and provide adequate spatial resolution. A-150 plastic wall material in combination with the methane-or propane-based TE gas (see Section 3.1.1) is often applied. Most systematic uncertainties inherent in the measurement principle, as described in ICRU Report 36 (ICRU, 1983) , are of limited significance for this type of application.
It is questionable, however, whether the A-150 plastic wall material represents an adequate approximation to tissue for neutrons with very high energies, as are now used at several therapy facilities. There are indications that the substitution of carbon for oxygen in the plastic has not only a marked influence on the kerma factor, but also on lineal energy spectra, and thus, on radiation quality determinations using this plastic (Caswell and Coyne, 1978; Coyne et al., 1981) . Menzel and Schuhmacher, 1981 and Pihet et al., 1984.) Microdosimetric spectra for mixed neutron and gamma-ray radiation are formed by a variety of secondary charged particles set into motion by a large number of different types of interactions with the detector material. The spectra depend also on volume size and a unique identification of particle type is precluded. The knowledge of the fundamental processes, however, allows certain general features to be understood. They can be used in the interpretation of microdosimetric spectra in terms of contributions of different particles and in terms of energies of the particles. A detailed discussion of lineal energy spectra is given in ICRU Report 36 (ICRU, 1983 ). The general shape of microdosimetric spectra for mixed neutron and gamma-ray radiation, as encountered at therapy units and measured in a water phantom, can be seen from Figures 2.9 to 2.12. It can be recognized that photon-and neutron-produced events overlap. The area representing the dose contribution by photons extends from the lowest lineal energies to about 10-20 ke VI µm. The events due to recoil protons dominate and extend from a lineal energy of about 1-140 ke VI µm. The sharp drop of the spectrum near 140 ke VI µmis called the "proton edge" and corresponds to the maximum energy deposition of protons in the given volume. Above the proton edge, the contribution by alpha particles and heavy recoil nuclei can be seen. These general characteristics of microdosimetric spec-tra for a radiation field composed of fast neutrons and neutron-induced gamma rays are not critically dependent on the simulated site size (ICRU, 1983) . It should be noted, however, that 2-µm diameter spheres are used for the measurements shown in the figures but that the details of these spectra would be somewhat different if other sphere sizes were used.
Microdosimetric measurements have been performed to investigate radiation quality and local variations at several neutron therapy installations. Results have been reported by Heintz et al. (1971) , Oliver et al. (1975 ( ), Menzel et al. (1976 ( , 1978 , Amols et al. (1977) , Burger et al. (1978 ), .Fidorra and Booz (1978 , 1981 ), Hogeweg (1978 , Booz and Fidorra (1981), Ito (1981) , Beach and Milavickas (1982), and Menzel (1984) . A direct comparison of results obtained at four different neutron therapy facilities has been published by Menzel and Schuhmacher (1981) .
Microdosimetric spectra measured at 5-cm depth in a phantom at several different neutron therapy installations are presented in Figure 2 .9. The different initial neutron energies are reflected by the different positions of the peaks in the proton distributions and by the contributions of the heavier ions. Amols et al. (1977) have shown that the thickness of the Be and Li targets bombarded by protons or deuterons influences the measured microdosimetric spectra. Menzel and Schuhmacher (1981) have shown that the spectra measured free in air also depend on collimator design (Figure 2 .10) and room scattering. At some facilities, an influence of the field size has been found (Menzel, 1984) . The variation of microdosimetric spectra with depth in phantom is illustrated in Figure 2 .lla for d(14) +Be neutrons and in Figure 2 .llb for p(65) +Be neutrons. The shape of the spectra as a function of position lateral to the collimated beam is shown in Figure 2 .12.
Most microdosimetric investigations published to date can be summarized as follows:
(1) The energy of the neutrons in the primary beam clearly influences the microdosimetric spectra. There are correlations between these microdosimetric results and neutron energy spectra measured under similar conditions as described in Section 2.4. (2) Inside phantoms, the variation of radiation quality with depth along the beam axis results from the increase of the relative contribution of gamma rays to the total absorbed dose and from the variable contribution of low-energy neutrons scattered in the collimator and in the phantom. Corresponding neutron spectrum changes with increasing depth in the phantom are described in the previous Section. (3) Marked changes in the shape of the spectra are observed with increasing lateral distance fro~ the edge of the beam. They are assumed to rfsult from decreasing mean neutron energy and increasing contribution of gamma rays to the absorbed dose. (4) Collimator design and material and neutron scattering in the environment may influence the distribution.
The measurements have shown that microdosimetric spectra reveal even subtle changes of the radiation field and provide detailed information for the interpretation of these changes.
This Report is not concerned with the discussion of the validity of radiation-effect models and the suitability of radiation quality parameters for clinical neutron dosimetry. However, it may be useful to indicate that it is at present not justified to evaluate RBE variations for therapy exclusively on the basis of microdosimetric measurements. On the other hand, the high sensitivity to changes in the energy and composition of the radiation field and the fact that the measurements can easily be performed in phantoms can be useful in systematic radiation quality investigations.
The dose-mean lineal energy corrected for saturation, y*, has been shown to be useful in radiotherapy for indicating changes in biological effectiveness due to changes in quality within an irradiated. volume (Booz and Fidorra, 1981) . The quantity, y*, is related to the lineal energy, y, by y* = f (y 0 2 /y){l -exp(y/y 0 ) 2 }d(y)dy (2.6) where Yo = 125 keV/µm (Kellerer and Rossi, 1972) .
Values of y* for the spectra presented in Figures 2.9 to 2.12 are presented in Table 2 .3. It should be noted that the reproducibility in each set of measurements is about 2%, but the accuracy of the method is about 10% due to uncertainties in calibration and data processing. The latter value has to be taken into account in comparing values reported by different authors.
Correlations between y* values measured for different therapy beams and RBE values determined in radiobiological experiments have been found (Hartmann et al., 1981; Zywietz et al., 1982) . y* has been shown to have a qualitatively similar dependence on neutron energy as the RBE for some cellular effects in single dose irradiation (Hall et al., 1973) . Further biological and microdosimetric investigations, however, are required before conclusions on the usefulness of y* may be drawn. Existing correlations between radiation quality parameters derived from microdosimetric spectra and RBE-values in the neutron energy range relevant for therapy (Booz and Fidorra, 1981; Hartmann et al., 1981; Zywietz et al., 1982; Pihet et al., 1984) support the assumption that experimental microdosimetry with tissue-equivalent proportional counters may off er a contribution to the solution of the problem of radiation quality in neutron therapy.
Neutron Beam Penetration
The utility of a fast neutron beam for external beam radiation therapy is a function of (a) the penetration of the beam into tissue, (b) the absorbed-dose rate achievable at distances compatible with collimation for useful dose distribution and target life-time and ( c) the biological properties of the beam. Subject (a) will be addressed in later parts of this Section. Subject (b), the output and dose distributions, will be discussed in Section 4. Subject (c) will be addressed in a separate Report.
As changing the target-to-skin distance (TSD) from 1-1.5 m changes the percentage depth dose for a given beam at 10-cm depth in the phantom only by 6%, it can be seen from Section 2.4 that the principal factors controlling the beam penetration are: (1) the nature and energy of the bombarding particle; (2) the nature and thickness of the target material; and (3) the presence of filtering materials.
Secondary factors affecting beam penetration include the target cooling system, the backing material, the source housing and beam collimation design, and the field size. It is recommended that the principal factors affecting the neutron energy spectrum incident on a patient should be specified in the treatment description. For neutrons generated by the fusion of deuterium and tritium (d + T reaction) by acceleration of ions through a few hundred kilovolts, the statement that they are d + T neutrons may be sufficient.
For cyclotron or other high-energy accelerator-produced neutrons, factors (1) through (3) above must be specified (see Section 2.2).
Several methods can be used to express the beam penetration. Most often, the depth of the 50% isodose curve on the central axis of a 10 cm X 10-cm field at the commonly employed TSD, is indicated. Another method which is also applied in photon dosimetry is to express the penetration of the beam by the ratio of ionization chamber readings under well-defined conditions, e.g., at 10-and 20-cm depth for a 10 cm X 10cm field at the plane of the chamber for a constant source-chamber distance. An alternative could be to derive the half-value layer (HVL) of the beam.
d + T Neutron Beams
The data presented in Table 4 .4 show that after correction for small differences in field size, they are compatible with a figure for the 50% depth dose of about 10.5 cm of water for a 10 cm X 10-cm field at 100-cm TSD and 9.0 cm for the same field size at 80cm TSD. The value at 80 cm is somewhat smaller than those collected by Mijnheer and Broerse (1979) for facilities that are no longer in clinical use.
d + D Neutron Beams
Waterman et al. (1978) report that the 50% depth dose ford+ D neutrons is at a depth of 10.2 g cm-2 in the Frigerio type of muscle-equivalent fluid (10 cm X 10cm field, 125-cm TSD) for bombarding deuteron energies from 6.8 to 11.1 Me V incident on a thick deuterium target. Weaver et al. (1979b) reported a 50% depth dose at 10.7 g cm-2 under the same conditions for 21-Me V deuterons incident on a thin target. Thus, the average energy of neutron beams produced by the d + D reaction is nearly independent of the bombarding deuteron energy, at least over the range of 6.8-21 MeV. It can, therefore, be concluded that there is no gain in using higher bombarding deuteron energies for this reaction.
d + Be Neutron Beams
Data on the penetration of d + Be neutrons have been published by Parnell (1972) , Smith et al. (1974) , Harrison et al. (1978), and Mijnheer and Broerse (1979) . Parnell (1972) related the percentage depth dose at 10-cm depth in ICRU muscle tissue to the mean energy of the neutron beams produced by the where D 10 is the percentage depth dose at 10-cm depth for a 10 cm X 10-cm radiation field at 100-cm TSD. Penetration characteristics of higher energy neutron beams have been reported by Smith et al., 197 4 and Harrison et al., 1978. Mijnheer and Broerse (1979) reported data from ten therapy centers using the d + Be reaction to produce fast neutron therapy beams.
All centers reported the depth of the 50% isodose curve, Z 50 , on the central axis of the beam for a field size of approximately 10 cm X 10 cm (see also Tab~e 4.4). The measurements were, however, made at a variety of TSDs, some in water and some in other substitute TE liquids. These data, expressed in cm water, were corrected to a common TSD of 125 cm by applying the inverse square relationship and corrected for material by the use of scaling correction factors, as presented in Section 3.1.5. The data over the range of bombarding deuteron energies from 14 to 80 Me V may be represented by an equation of the form (cf. Vynckier et al. (1983) . The data are summarized in Figure 2 .14 where the depth in water of the 50% depth dose for a 10 cm X 10-cm field at 125-cm TSO is plotted as function of incident proton energy. Unlike the deuteron data, the effects of target thickness, the target backing material and of added hydrogenous filtration are significant. These data are presented to indicate the limits that may be expected. The shallowest depths for the 50% depth dose are for fast neutron beams generated by protons incident on thick targets without filtration: The data for neutron beams from protons incident on thin targets with no added filter are between these two limits. The data generated on the same cyclotron both by Quam et al. (1978) and Awschalom et al. (1980) for a thick target unfiltered beam indicate a greater depth for Zso than reported elsewhere, but it still lies between the bounds outlined above.
